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elemental sulfur for optimum growth. T. delicatus THI 091T, T. perometabolis THI 023 9 , and T. intermedius Species of the genus Thiobacillus have been classified into three major groups and six subgroups according to their nutritional characteristics, the ubiquinone systems in their respiratory chains, their cellular fatty acid compositions, and the guanine-plus-cytosine contents of their deoxyribonucleic acids (DNAs) (8). DNA-DNA homology studies between the species of the genus Thiobacillus have supported this classification system (4).
In our classification system of Thiobacillus (8), the facultative chemolithotrophs with ubiquinone 10 comprise group I, and the organisms with ubiquinone 8 comprise group 11, which includes Thiobacillus delicatus THI 091T (T = type strain), Thiobacillus perometabolis THI 023T, and Thiobacillus intermedius THI 10IT. T. delicatus was isolated by Mizoguchi et al. (14) from mine water, and its thiosulfate oxidation pathway has been investigated (18) . T. perometabolis was isolated by London and Rittenberg (13) from soil. This organism was described as a chemolithotrophic heterotroph (17) which obtains energy from an inorganic compound and carbon from an organic substance. In contrast to this description, we found that T. perornetabolis THI 023T is able to grow autotrophically in mineral salts medium supplemented with thiosulfate, elemental sulfur, or tetrathionate (9, and we emended the description accordingly (7). London (12) isolated T. intermedius from soil and described it as being able to grow in autotrophic, mixotrophic, or complex heterotrophic medium.
As previously described (4), the indices of DNA-DNA homolog among T. delicatus THI 091T, T. perometabolis THI 023 , and T. intermedius THI 10IT are low, and these organisms have been regarded as three distinct species. In this paper, we describe the physiological traits of these organisms relative to the taxonomy of the genus Thiobacillus. In addition, the name T. delicatus, which was not included on the Approved Lists of Bacterial Names (19) , is revived. We also emend the description of T. delicatus THI 091T regarding its inability to grow heterotrophically with a Y * Corresponding author.
single carbon source, in contrast to the characteristics given in the original description (14) .
MATERIALS AND METHODS
Bacterial strains. T. perometabolis THI 023T and T. intermedius THI 10IT (Table 1) were maintained on SM basal salts medium (8) (pH 6.0) supplemented with 0.5% Na-2S2O3 5H20 and 0.5% yeast extract (Difco Laboratories, Detroit, Mich.); T. delicatus THI 091T was maintained on SM basal salts medium containing 0.5% Na2S203 -5H20 and 0.1% yeast extract. The strains were transferred once a week.
Identification. Physiological characteristics were examined in SM basal salts medium (pH 6.0) containing various supplements, as described previously ( 5 , 6). SM basal salts medium contained 1.5 g of KH2P04, 4.5 g of Na2HP04, 0.1 g of MgS04 -7H20, 0.3 g of NH4C1, 5 ml of a trace metal solution (24) , and 1,000 ml of deionized water.
Nitrate respiration was examined anaerobically in a mixotrophic medium supplemented with 0.5% Na2S203 5H20 and 0.4% sodium malate and in an autotrophic medium containing 0.5% Na2S203 5H20, as described previously (6). The tests for T. delicatus THI 091T were also done in a medium containing 0.3% K2S4O6 or 0.38% Na2S306 3H20.
Assimilation of organic compounds was examined by using both heterotrophic and mixotrophic SM medium agar plates (pH 6.0) supplemented with various substrates at concentrations of 5 to 100 mM (21), as previously described (5, 6 ) . T h e mixotrophic media contained 0.5% Na2S203 * 5H20 in addition to the organic compounds. Assimilation ability was determined after 2 weeks of incubation by comparing the sizes of the colonies on a test plate containing the substrate with the sizes of the colonies on a control plate which contained only the basal salts medium (5). When a positive response was observed on a mixotrophic agar medium, the growth was confirmed in liquid medium of the same composition. These experiments produced two types of growth effects. One was significant growth stimulation, and this was designated a positive reaction. The other was weak growth without stimulation, and the growth yield was similar to that on thiosulfate medium; such a reaction was designated a weak positive reaction.
The ability to assimilate inorganic sulfur compounds was examined in liquid SM basal salts medium containing sodium thiosulfate (5 g/liter), elemental sulfur (10 g/liter), or potassium tetrathionate (3 g/liter), as described previously (5). Thiosulfate and tetrathionate were autoclaved separately, and trithionate was sterilized by filtration and added to the basal salts medium. The powdered sulfur which we used was steamed intermittently.
Growth experiments. Liquid cultures were incubated in 500-ml culture flasks containing 100 ml of SM basal salts medium (pH 6.0) supplemented with a sulfur compound or an organic compound. A small number of cells was inoculated into the medium to avoid carrying over materials; accordingly, one loopful of cells from the maintenance culture was suspended in 10 ml of sterilized water, and 1 ml of the suspension was inoculated into 100 ml of fresh medium. Growth was monitored by measuring the absorbance at 660 nm. During incubation at 30°C with reciprocal shaking, the pH of the medium was maintained at pH 6.0 to 6.5 with 5% Na2C03 or 1 N H2S04.
The effects of organic sulfur compounds, thiamine pyrophosphate, reduced glutathione, lipoic acid, biotin, coenzyme A, methionine, and cysteine on the growth of T. intermedius THI 10IT were analyzed in MS mineral salts medium supplemented with a trace metal solution (l), vitamin BI2 (0.1 mghter), and glucose (0.5%) as described by Smith and Rittenberg (20) , except that bromothymol blue was not present and smaller inocula were used with mixotrophically grown cells, as described above. The cultures were left stationary for 3 days at 30°C after inoculation and were then placed on a reciprocal shaker (20) .
Analytical methods. Tetrathionate, trithionate, and thiosulfate were analyzed by the cyanolysis method (9) . Sulfate was determined gravimetrically after the addition of 5% BaC12 -2H20 in 0.1 N HC1. Glutamate and aspartate were measured by the ninhydrin reaction, and glucose was measured by the glucose oxidase-peroxidase method.
Chemicals. Sodium trithionate was kindly supplied by M. Ishimoto, Faculty of Pharmaceutical Science, Hokkaido University, Sapporo, Japan. Potassium tetrathionate was prepared as described by Trudinger (22) . Coenzyme A was obtained from the Oriental Yeast Co. Ltd., Tokyo, Japan. In addition, negative responses were observed with all three species for the following characters: Gram reaction, spore formation, acidalcohol fastness, denitrification in autotrophic and mixotrophic media, and gelatin hydrolysis. Potassium nitrate, ammonium chloride, urea, glutamate, and aspartate were used as nitrogen sources. The cells of these organisms are rod shaped, contain ubiquinone 8 in their respiratory chains, and contain hexadecanoic acid, hexadecenoic acid plus CI7 cyclopropane acid, and octadecenoic acid plus CI9 cyclopropane acid as their major non-hydroxylated cellular fatty acids.
Data from reference 5 .
Determined in SM basal salts medium containing 0.5% Na2S203 * 5H20. Determined in SM basal salts medium containing 0.5% Na2S203 * 5H20 and 0.5% yeast extract and in SM basal salts medium containing " Determined in SM basal salts medium containing 0.5% Na2S203 -5H20 and 0.4% sodium malate.
0.5% Na2S203 -5H20 (in parentheses). Table 2 shows the morphological and physiological characteristics of T. delicatus THI 091T, T. perometabolis THI 023T (5), and T. intermedius THI 10IT.
RESULTS

Morphological and physiological characteristics.
T . delicatus THI 091T was able to use nitrate for respiration on thiosulfate, trithionate, or tetrathionate in autotrophic or mixotrophic medium containing sodium malate. About 10 and 50% of the sulfur moiety of the trithionate added initially were recovered as thiosulfate after 1 day and 1 week of incubation, respectively, in a system which was not inoculated with cells. T. delicatus THI 091T did not evolve gas and accumulated nitrite in the medium. T. perornetabolis THI 023T (13) and T. intermedius THI 10IT were obligate aerobes .
T. delicatus THI 091T, T. perometabolis THI 023T, and T . intermedius THI 10IT grew autotrophically in SM basal salts medium supplemented with elemental sulfur, thiosulfate, or tetrathionate; this growth was accompanied by a decrease in the pH of the medium. The pH of the thiosulfate medium inoculated with T. delicatus THI 091T transiently increased due to formation of tetrathionate. Thiocyanate did not support the growth of these organisms after 3 weeks of incubation.
Assimilation of organic compounds. T. delicatus THI 091T, T. perometabolis THI 023T, and T. interrnedius THI 10IT assimilated alanine, aspartate, glutamate, malate, succinate, citrate, and a-ketoglutarate in the mixotrophic medium supplemented with 0.5% Na2S203 -5H20 (Table 3) . Serine, glucose, fructose, and lactate were also used b T . perometabolis THI 023T and T. interrnedius THI 101 . In general, these group I1 organisms did not grow by using organic compounds in the absence of thiosulfate (data not shown); an exception was T. perometabolis THI 023T, which grew heterotrophically after a long lag period in medium containing alanine, glutamate, aspartate, malate, succinate, or citrate, as reported previously (5). Smith and Rittenberg (20) reported that T . intermedius requires organic sulfur compounds for growth in the absence of thiosulfate. We repeated the experiments of these authors as carefully as possible according to their report to confirm this requirement. The cell yield in basal salts medium containing 0.5% glucose and 0.5% yeast extract was about 0.3U after 1 week of incubation, as determined by optical density at 660 nm. On the other hand, the yield in basal saltsglucose medium supplemented with organic sulfur compounds was O.O2U, from which was almost the same as the yield in basal salts-glucose medium (optical density at 660 nm, 0.03U); thus, organic sulfur compounds had no effect on the growth of T. intermedius in our experiments.
Growth experiments in unitrophic and mixotrophic media. T. delicatus THI 091T (Fig. 1) and T. intermedius THI 10IT (Fig. 2) did not grow in heterotrophic medium containing a single carbon source. On the other hand, T. perometabolis THI 023T grew heterotrophically in medium containing a single carbon source after a lag period (Fig. 3) . This organism grew without a lag period when the cells were inoculated into a medium of the same composition. T. perometabolis THI 023T showed diauxic growth in mixotrophic medium containing 0.2% sodium glutamate, and the cells aggregated between the first growth and the second growth (Fig. 3) . A second growth was not observed in mixotrophic medium containing 0.5% sodium glutamate (data not shown). T . delicatus THI 091T oxidized thiosulfate to sulfate via intermediate formation of tetrathionate and then trithionate in both autotrophic and mixotrophic media (Fig. l b and c) . On the other hand, little or no tetrathionate or trithionate was detected in these culture systems with T. intermedius THI 10IT or T. perometabolis THI 023T (Fig. 2b and 3b) . The sulfur moiety was not recovered corn letely as sulfate in the media with T. intermedius THI 101 . This may depend on the formation of elemental sulfur during thiosulfate oxidation. The growth of these organisms was stimulated in mixotrophic medium supplemented with thiosulfate. Elemental sulfur also stimulated the growth of T. delicatus THI 091T (14), T. perometabolis THI 023T, and T. intermedius THI 10IT; however, little or no effect was observed when tetrathionate was added. Under well-defined chemostat culture conditions Thiobacillus novellus benefits from a mixotrophic medium (10). However, under batch culture conditions the growth of group I species (e.g., T. novellus and Thiobacillus versutus [synonym, ' Thiobacillus rapidicrescens"]) is not stimulated in mixotrophic medium ( 5 , 6, 16). Therefore, the group I1 species may be differentiated from the group I species by a requirement for an inorganic sulfur compound for optimum growth in batch cultures, as well as by their chemotaxonomic traits, as described previously (8).
The mixotrophic growth of T . perometabolis THI 023T was greatly influenced by the concentration of glutamate, as described above (Fig. 3) . The concentration of yeast extract markedly affected the growth rates and cell yields of group I1 species in the mixotrophic medium supplemented with thio- sulfate ( Table 4) . The highest growth rate and cell yield were found in media containing 0.3 to 0.5% yeast extract, and the higher concentrations caused diauxic growth, followed by a long lag period of about 5 to 10 days and inhibition of growth. These data suggest that group I1 species are more sensitive to organic compounds than group I species, whose growth is not inhibited by the presence of 1 to 2% yeast extract or other organic substances (6; unpublished data).
T. delicatus THI 091T, T. perometabolis THI 023T, and T. intermedius THI 10IT were regarded as three distinct species on the basis of our taxonomic studies of Thiobucillus species. T. delicatus THI 091T differed from T. perometabolis THI 023T and T. intermedius THI 10IT by the absence of 3-hydroxydodecanoic acid as a hydroxy cellular fatty acid (8), its lack of motility, its ability to grow anaerobically by using nitrate, and its thiosulfate oxidation pathway. T. perometabolis THI 023T was differentiated from T. intermedius THI 10IT by its ability to grow heterotrophically with a single carbon source. These results have been supported by DNA-DNA homology studies (4).
T. delicatus THI 091T was described and named by Mizoguchi et al. (14) . However, this name is not on the Approved Lists of Bacterial Names (19) ; it is revived in this paper. Mizoguchi et al. (14) reported weak growth of T. delicatus in mineral salts medium containing aspartate or pyruvate and indicated that this organism is able to grow heterotrophically with a single carbon source. However, we found that no heterotrophic growth occurred in a defined medium supplemented with aspartate (Fig. la) , pyruvate, or other organic substance. The mode of energy generation is of great significance in the classification and identification of the species belonging to the genus Thiobacillus (8, 23) . Therefore, we emend the description of T. delicatus with regard to heterotrophic growth and add new characters, as determined in this study. T. delicatus is a facultative anaerobe; it grows anaerobically in the presence of nitrate and accumulates nitrite in mixotrophic and autotrophic media supplemented with thiosulfate or tetrathionate. This species is a facultative chemolithotroph. Heterotrophic growth occurs in a mixotrophic medium, but not with a single carbon source. In mixotrophic medium supplemented with thiosulfate, this species grows in the presence of alanine, aspartate, glutamate, malate, succinate, citrate, or a-ketoglutarate. It grows in liquid mineral salts medium supplemented with elemental sulfur, thiosulfate, or tetrathionate; this growth is accompanied by a decrease in the pH of the medium. Thiocyanate does not support growth.
Description of Thiobacillus delicatus
Potassium nitrate, ammonium chloride, and urea are utilized as nitrogen sources. Glutamate and aspartate are utilized as both nitrogen and carbon sources.
Growth occurs at 15 to 42"C, but not at 10 or 45°C; optimum growth occurs between 30 and 35°C.
Growth occurs at pH 5.0 to 7.0, and optimum growth occurs at pH 5.5 to 6.0 in SM basal salts-thiosulfate-yeast extract medium and SM basal salts-thiosulfate medium.
Gelatin is not liquefied. This species requires elemental sulfur or thiosulfate for
The guanine-plus-cytosine content is 66.0 mol%. The ubiquinone system is ubiquinone 8. This organism contains hexadecanoic acid, hexadecenoic acid plus CI7 cyclopropane acid, and octadecenoic acid plus CI9 cyclopropane acid as major nonhydroxy cellular fatty optimum growth. Data are expressed as units of optical density at 660 nm. The medium used for T. deticatus THI 091T and T. intermedius THI 10IT contained 5 g of Na2S20, * 5H20 per liter; the medium used for T .
perometabofis THI 023T contained 10 g of this compound per liter.
The numbers in parentheses are the cultivation times (in days) when maximum growth yield was determined.
' Growth was accompanied by a lag period.
Growth curve was diauxic. ND, Not determined. acids, and 3-hydroxydecanoic acid and a trace amount of 3-hydroxy-8-methylnonanoic acid as hydroxylated fatty acids.
Isolated from mine water (14) . The type strain of this organism is strain THI 091; this strain has been deposited with the Institute of Applied Microbiology, University of Tokyo, Tokyo, Japan, as strain IAM 12624.
DISCUSSION
Facultatively chemolithotrophic Thiobacilfus strains are metabolically versatile and are able to grow autotrophically on elemental sulfur or inorganic and reduced sulfur compounds and heterotrophically on a variety of organic substances (21) . However, utilization of organic substances by T. delicatus THI 091T, T. perometabolis THI 023T, and T. intermedius THI 10IT is limited to intermediates of the tricarboxylic acid cycle and amino acids which are closely linked with this cycle biosynthetically . Both organic substances and inorganic sulfur compounds, such as thiosulfate or elemental sulfur, are required for optimum growth. These physiological characteristics of group I1 species corroborate the classification of the species based on chemotaxonomic traits such as the ubiquinone system, cellular fatty acid composition, and guanine-plus-cytosine content of the DNA (8).
Previously (4), we found low levels of DNA-DNA homology between T. perometabolis THI 023T and T . intermedius THI 10IT. Harrison (3) reported a close relationship between these organisms based on his DNA-DNA homology studies and concluded that these organisms are related at the subspecies level. This discrepancy may be due to differences in the experimental methods employed. We re ard T. perometabolis THI 023T and T . intermedius THI 101 as separate species based on our DNA-DNA homology indices (4) among strains in all of the six subgroups previously proposed (€9, together with their physiological (5, 7; this paper) and chemotaxonomic (8) characteristics.
Thiosulfate either is oxidized to tetrathionate by a thiosulfate-oxidizing enzyme (22) or is cleaved to sulfur and sulfide by a thiosulfate-cleaving enzyme (rhodanese), followed by the oxidation of sulfur and sulfide (2) by Thiohacillus species. The variation in intermediates obtained by different workers has been interpreted as being due to growth conditions (15) . Although slight transient formation of tetrathionate was sometimes observed in our experiments, this compound was not the end product of thiosulfate oxidation by T. perometabolis THI 023T, by T. intermedius THI 10IT, by the group 1-1 organisms T. versutus (synonym, "T.
rapidicrescens") THI 041T and THI 024 (3, or by T. novellus THI 031T (6) . T. delicatus THI 091T was the only organism to produce considerable amounts of tetrathionate and then trithionate as intermediate metabolites of thiosulfate oxidation to sulfate, as far as we have determined.
We have previously described the autotrophic growth ability of T. perometabolis TH1023T in mineral salts medium supplemented with elemental sulfur, thiosulfate, or tetrathionate (3, and the description of this organism was emended previously (7). Recently, Harrison also reported the potential for autotrophic growth of T. perometabolis in thiosulfate medium (3).
Smith and Rittenberg (20) reported that T. intermedius lacks the ability to assimilate sulfate for its cellular materials and requires organic sulfur compounds for growth in the absence of thiosulfate. Chlorohium thiosulfatophilus has also been reported to grow in the presence of cysteine instead of thiosulfate (11) . However, the growth of these organisms in medium supplemented with organic sulfur compound(s) has been reported to be limited (11, 20) compared with growth in medium containing thiosulfate. We could not confirm the requirement for organic sulfur compounds by using a culture system similar to the one described by Smith and Rittenberg (20) . This might be because our small inoculum size (to prevent carrying over preculture materials) was too small for this organism to begin growth under such stressful conditions. Further study will be needed to understand in detail the significance of the requirement for inorganic sulfur 'compounds for the growth of organisms that oxidize sulfur compounds.
